The acoustic wave propagation inside the vocal tract was simulated assuming plane waves. When an acoustic tube having appropriate area function but no side branching cavities was used as the nasal tract, the low frequency nasal formant below the first formant of low vowels as observed in natural speech could not be simulated.
INTRODUCTION
This paper describes a study of acoustic modeling of the vocal tract, in particular, with appropriate nasal passages, by means of computer simulation.
The model of the entire vocal tract is shown in Fig.l . Fig.1 The model of the vocal tract.
NOSTRILS MOUTH
The vocal tract system consists of the pharyngeal, oral and nasal cavities. The salient feature of this model is that a side cavity, representing the nasal sinuses, is connected to the main nasal passage. The system is excited by varying the glottal area as an appropriate function of time, thereby, without resorting to the source-filter concept of the speech production (1) . The speech signals are obtained as the sum of the acoustic pressure at the mouth opening and at the nostrils.
In the preliminary stage of this study, the nasal tract was represented by a simple acoustic tube without the side cavity.
The eleven different French vowels synthesized were of high quality, in particular, in terms of naturalness. In the synthesis of nasal sounds, however, most of the vowels could not be nasalized properly by coupling this simple tube. The sweep-tone experiment of Fujimura and Lindqvist (2) has shown that the nasal pole-zero pair appears near and often below the first formant peak, especially for low vowels. On the contrary, in the simulation, the pair was located above the first shifted vowel forment peak (see The value of the lowest resonance of the nasal-tract proper was 670 Hz, when the inner end of the nasal tract was closed.
To lover this value to, say, 450 Hz, which seems to produce the observed nasal formant, requires rather considerable modification of the tract shape. If the length alone were modified, then It would be necessary to increase roughly 40% of its original length, resulting in a 16 cm long nasal passage.
A more attractive iternative is to connect a side cavity to the existing nasal tract. Fujimura and Lindqvist (5) Because of the narrow passage to the main nasal tract, the cavity function as a Helmholtz resonator.
The shape of the area function is not so important in terms of acoustic characteristics, and it was determined arbitrarily.
It may be interjected here that the manner how the nasal coupling is implemented is also crucial for achieving high nasal quality.
The first three sections of the nasal 
SIMULATION RESULTS
When the side cavity is connected to the nasal tract, theoretically, the "sinus pole" should appear always below the original first resonance in the nasal-tract transfer. This is the case, indeed, as shown in Fig.3 . In the case of weak coupling, as shown by the dash-dot line in Fig.4 , the first nasal formant (marked by "Nj") with a small peak appears below the shifted first formant (F1t), and also the second nasal formant (N2) appears between the two vowel formants. In Fig.5 , the degree of coupling is increased to 2.0 sq cm; This may be explained by assuming that the spectral modification of the first formant region, due to the occurrence of the nasal pole and zero in that zone, is primarily responsible for the perception of nasalzation. The pole-zero pair would appear at low frequency when the coupling is small.
As the amount of coupling increases, the pair moves into higher frequencies.
Thus, in order to produce such spectral modification, the higher the first formant frequency, the greater shift of the pair, and then the greater velum lowering is needed.
This hypothesis also explain why the simple acoustic tube without the side cavity as the nasal tract cannot produce good nasal sounds for mid or low vowels.
The transfer function of the vowel C. and its nasalized version by employing the simple tube is shown in Fig.6 . In the case of this weak coupling, the nasal pole-zero pair appears between the first and second vowel formant, as indicated by N1 and A1 in Fig.6 .
If the degree of coupling is increased, the pole-zero pair would shift upward, and eventually the second vowel formant and the nasal zero would cancel out each other, leaving only the first vowel formant and. the nasal formant in that region.
In such case a listener may FREQUENCY (kHz) 2 3 FREQUENCY tkH)
The assumption we postulated, however, seems to contradict with our observation in the case of the vowel [ i , where the nasal pole-zero frequencies are always higher than the first formant frequency, and the pair shifts toward the second formants, departing from the first fornant, when the coupling increases, as shown in Fig.7 . In any case, the qualities of all nasalized vowels seems to be far more satisfactoty than those synthesized without the sinus cavity.
CONCLUSION
The simulation experiment has suggested strongly that the nasal pole-zero pair must appear in the vicinity of the first vowel forgiant for mid and low vowels to be nasalized appropriately. The nasal side cavity may be regarded as an effective means for lowering the nasal pole, which is otherwise too high, to the first formant or lower region.
In this sense, this study has made the participation of the nasal sinuses even more plausible.
However, to answer the question whether or not the sinuses actually play a relevant role in the production of nasal sounds, we need further corroborations based on acoustic and anatomical data.
Finally, it is emphasized that the simulation experiment such as described here would provide a powerfull tool for studying the perceptual cues of nasal and nasalized sounds.
